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Abstract
With the emergence of the space servicing sector, along with the return of manned missions beyond low earth orbit, there is
a need for quick, efficient, and most of all, safe Rendezvous and Proximity Operations (RPO). More than that, the next
big step forward is manufacturing in space, which will require large swarms of spacecraft cooperating in close proximity
to each other, all subjected to the same laws of orbital mechanics. Methods for swarm RPO safety are being developed
but have not yet been tested in space. The most promising type of swarm RPO safety utilizes real-time GNC algorithms
coupled with a variety of sensor inputs giving the position, velocity, and pose of all satellites in the swarm, to constantly
update the relative-motion orbits of all the elements in the swarm, while propagating these orbits forward in time to prevent
conjunctions. The University of Southern California’s Space Engineering Research Center (SERC) is developing an in-house
manufactured 3-DOF Air Bearing Platform (ABP), which has the ability to simulate the frictionless environment of space in
a single plane. Real-time algorithms for swarm operations are planned to be tested with representative floating platforms. In
preparation for platform operations, algorithms developed for swarm RPO were tested in a software simulation of the ABP
hardware. Software based verification on the simulated ABP platform allowed for testing of various sensor configurations
on the swarm elements, as different trajectories and approaches will have different range variations and rotation rates, all
of which determine how well a given sensor can identify and update the position of the target spacecraft, and the other
spacecraft in the swarm. The results of the initial simulations will be presented in this paper.
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Nomenclature

CLIENT . . . . . . . . . . . . Satellite or Platform to be Serviced

SERVICER . . . Satellite or Platform that provides Service

SWARM . . .Group of two or more spacecraft cooperating
towards a common task or goal

Acronyms/Abbreviations

ABP . . . . . . . . . . . . . . . . . . . . . . . . . . . . Air Bearing Platform

C-W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Clohessy-Wiltshire

CAD . . . . . . . . . . . . . . . . . . . . . . . . . Computer Aided Design

CONFERS . . Consortium for Execution of Rendezvous
and Servicing Operations

FOV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Field of View

GEO . . . . . . . . . . . . . . . . . . . . . . . . Geostationary Earth Orbit

GNC . . . . . . . . . . . . . . . . Guidance Navigation and Control

ISS . . . . . . . . . . . . . . . . . . . . . . . . International Space Station

LEO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Low Earth Orbit

LVLH . . . . . . . . . . . . . . . . . Local Vertical Local Horizontal

OOS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . On Orbit Servicing

RPO . . . . . . . . . . . . Rendezvous and Proximity Operations

SERC . . . . . . . . . . . . . . Space Engineering Research Center

USC . . . . . . . . . . . . . . . . . University of Southern California
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1 Introduction

With the emergence of the space servicing sector, along
with the return of manned missions beyond low earth orbit,
there is a need for quick, efficient, and most of all, safe
Rendezvous and Proximity Operations (RPO). More than
that, the next big step forward is manufacturing in space,
which will require large swarms of spacecraft cooperating
in close proximity to each other, all subjected to the same
laws of orbital mechanics. Methods for swarm RPO safety
are being developed but have not yet been tested in space.
The most promising type of swarm RPO safety utilizes real-
time GNC algorithms coupled with a variety of sensor inputs
giving the position, velocity, and pose of all satellites in the
swarm, to constantly update the relative-motion orbits of all
the elements in the swarm, while propagating these orbits
forward in time to prevent conjunctions.

Through the course of research on historical RPO opera-
tions [1] and safety criteria for RPO and On-Orbit Servicing
(OOS) [2,3] at the University of Southern California’s (USC)
Space Engineering Research Center (SERC), a set of infor-
mational databases on RPO and OOS were developed. These
were used to develop trajectories for swarm RPO, enabling a
variety of sensor inputs to obtain and update position, veloc-
ity, and pose for all the spacecraft in the swarm in real-time.

Using the capabilities being developed at the SERC, these
methods were evaluated and tested on a software simulation
platform to determine their effectiveness for swarm opera-
tions.

2 Background

In terms of orbital mechanics, RPO is the process of a space-
craft (Servicer) approaching and matching the orbit of an-
other spacecraft (Client) [4]. RPO has been performed suc-
cessfully since the 1960s, first demonstrated during the Gem-
ini missions [5]. Current RPO methods still focus only on
one-to-one operations [6–16]; that is, a single Servicer and
a single Client. To foster an environment open to advanced
multi-platform operations (i.e. in-space manufacturing or
assembly), there first needs to be a framework in place to al-
low multiple Servicer’s to operate on a single client, or even
multiple Servicer’s to multiple clients in the same vicinity.

Swarm RPO will enable multiple new capabilities on orbit,
where two next-generation operations may be adaptive for-
mation flying and satellite aggregation. Adaptive formation

flying is the process of multiple spacecraft operating in rel-
ative motion orbits, within a few kilometers of each other,
working towards a common goal (for example, scanning a
Client spacecraft using optical, radar, and lidar sensors, or
manufacturing of large space platforms). Satellite aggrega-
tion is the process of constructing platforms or spacecraft in
orbit, using smaller spacecraft as the building blocks, both
in a structural and a software sense [17]. With swarms of
spacecraft operating in close proximity to each other, it will
be essential to have a method to optimize the trajectories
of each spacecraft, minimizing the risk for collisions, while
allowing them to fulfill their mission operations.

3 Swarm Methodology

For the purposes of this analysis, the definition of a swarm
is: a group of two or more spacecraft cooperating towards
a common task or goal. The analysis is performed in the
relative motion non-inertial coordinate system defined by the
Clohessy-Wiltshire equations [18].

Fig. 1: Slightly eccentric orbit allows relative motion

As seen in Fig. 1, these spacecraft are in slightly different
orbits from each other, such that in the relative motion space
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they are ”orbiting” around a common point in space. The me-
chanics of the free-trajectory motion following these relative
motion orbital tracks are well known and understood, having
been used for more than fifty years, prior to the Apollo mis-
sions [5]. However, methods to autonomously maintain and
guide such relative motion trajectories are not as well under-
stood, given that robust automated rendezvous techniques
have been available for just over a decade [19]. Fig. 2 shows
a depiction of what a set of swarm orbits may look like in
the relative motion frame.

Fig. 2: Swarm of spaceraft in relative motion

3.1 Mathematical Formulation

Relative orbital motion takes place in the Local-Vertical
Local-Horizontal (LVLH) rotating reference frame. This
non-inertial reference frame is centered on a point in space,
in orbit around the Earth, which could be a Client spacecraft,
a waypoint, or some other point of interest. The x-axis is
directed along the outward radial vector from the center of
the Earth to the target, the z-axis is normal to the orbital
plane of the target, and the y-axis lies within the orbital
plane, constrained by the x- and z-axes to form a triad.

This motion can be described by the following equations of
motion, where R is the vector from the center of the Earth to
the Client, and d r is the vector from the Client to the Servicer
vehicle:

d r̈ =�R̈�m
R +d r

kR +d rk3 (1)

This equation of motion is a nonlinear system of equations;
however, a linearized approach is desired to use in a real-time
guidance application. If the target spacecraft is restricted to

be in a circular orbit, the system can be defined in a closed-
form linearized approximation by the Clohessy-Wiltshire
(C-W) equations [18], laid out below

d ẍ�3n2
dx�2nd ẏ = 0 (2)

d ÿ + 2nd ẋ = 0 (3)

d z̈ + n2
d z = 0 (4)

These differential equations are valid while the following
criterion from the linearization process holds:

d r=R << 1 (5)

A closed form solution of these coupled partial differential
equations can be obtained, expressed in matrix form below,
enabling the computation of position and velocity at any
point in time:

d~r(t) = [F rr(t)]d~r0 +[F rv(t)]d~v0 (6)

d~v(t) = [F vr(t)]d~r0 +[F vv(t)]d~v0 (7)

where the initial position and velocity are

d~r0 =

24dx0
dy0
d z0

35 ; d~v0 =

24 du0
dv0
dw0

35
n : angular rotation rate of orbit (rad/s)
t : time since initial conditions

F rr(t) =

24 4�3cosnt 0 0
6(sinnt�nt) 1 0

0 0 cosnt

35 (8)

F rv(t) =

24 1
n sinnt 2

n (1� cosnt) 0
2
n (cosnt�1) 1

n (4sinnt�3nt) 0
0 0 1

n sinnt

35 (9)
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F vr(t) =

2

4
3nsinnt 0 0

6n(cosnt � 1) 0 0
0 0 � nsinnt

3

5 (10)

F vv(t) =

2

4
cosnt 2sinnt 0

� 2sinnt 4cosnt � 3 0
0 0 cosnt

3

5 (11)

Although the C-W equations are linearized approximations
of a nonlinear system, the approximations are suf�cient for
the purposes of orbital rendezvous and proximity operations.
The solutions diverge when the distance from the target is a
signi�cant percentage of the mean orbital radius of the target,
as this is when the Earth's curvature will have an effect on
the gravitational perturbations. Thus for LEO, based on the
linearization criterion (Equation 5), these solutions can be
used within a few dozen kilometers of the target, and in GEO
within a few hundred kilometers of the target [18].

3.2 Example RPO Trajectories

Fig. 3: RPO Trajectory Examples

Fig. 4: RPO Trajectory Examples (Zoomed In)

Applying the C-W equations, a set of initial conditions can be
propagated forwards through time to determine the resulant
trajectory. Figs. 3 & 4 show an example of four trajectories,
where two of them form closed ”orbits” and two drift off
away from the reference point towards in�nity. A delicate
balance between the position and velocity vectors in the
LVLH frame is required to have a closed ”orbit” that does not
drift away, thus there are an in�nite possible set of trajectories
but only a small subset of those will be bound in space over
time.

3.3 Orbit Maintenance

Now that we have de�ned what a relative orbit is and the
trajectory that an object in relative motion will follow, the
next step is to de�ne how to maintain a relative orbit. Even
if a spacecraft were injected perfectly into its orbit, there
are gravitational perturbations to be considered, such as the
Earth's oblateness, the Moon, and the Sun, all of which will
impart tiny forces to perturb the spacecraft's orbit over time.
Additionally, deviations to the planned trajectory are caused
by imperfect injections into the desired orbit, leading to a
drift in the trajectory compared to the nominal path.

Thus, its possible to compute the exact acceleration devia-
tions caused by the perturbing gravitational bodies and come
up with a control system to compensate for this using peri-
odic application of thrust forces. However, for swarm RPO,
this is not necessary for the most part. A rigid trajectory is
generally not required, since during swarm RPO much of the
focus is on entering a relative motion closed-form trajectory
around a target spacecraft or body. If this trajectory deviates
by a few meters, it will not affect the mission so long as all
the spacecraft in the swarm are suf�ciently far enough apart
that a deviation of a few meters will not cause a collision (see
Figs. 5 and 6). Rather than use the limited fuel resources to
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maintain a given trajectory, when signi�cant deviations occur
a new trajectory can be computed, which can be transitioned
to while conserving propellant.

Fig. 5: Trajectory Offsets for Various Levels of Position
Injection Error

Fig. 6: Trajectory Offsets for Large Injection Errors

3.4 Perturbation Effects

In order to take into account the perturbation of the J2 effect
of Earth's oblateness (the primary orbital perturbation below
Geostationary orbit), a modi�ed set of C-W equations must
be derived. This mathematical problem has been solved
already [20], with the equations of motion as follows:

x(t) =
�

5s+ 3
s� 1

x0 +
2
p

1+ s
n(s� 1)

�y0

+
1
4

AJ2(3k� 2n
p

1+ s) sin2 i
k(� n2 + n2s+ 4k2)

�
cos(nt

p
1� s)

�
1
4

AJ2(3k� 2n
p

1+ s) sin2 i
k(� n2 + n2s+ 4k2)

cos(2kt)

+
�x0

n
p

1� s
sin(nt

p
1� s) �

4(1+ s)
s� 1

x0 �
2
p

1+ s
n(s� 1)

�y0

(12)

y(t) =
�

2(5s+ 3)
p

1+ s
(1� s)3=2

x0 +
4(1+ s)

n(1� s)3=2
�y0

+
1
2

AJ2(2ns� 3k
p

1+ s+ 2n) sin2 i
k
p

1� s(� n2 + n2s+ 4k2)

�
sin(nt

p
1� s)

�
1
8

AJ2(5n2s+ 4k2 + 3n2 � 6nk
p

1+ s) sin2 i
k2(� n2 + n2s+ 4k2)

sin(2kt)

�
2
p

1+ s
n(s� 1)

�x0cos(nt
p

1� s)+
�

2n(5s+ 3)
p

1+ s
(s� 1)

�x0

+
5s+ 3
s� 1

�y0 +
AJ2sin2 i

4k

�
t +

2
p

1+ s
n(s� 1)

�x0 + y0

(13)

z(t) = z0cos(nt
p

1+ 3s)+
�z

n
p

1+ 3s
sin(nt

p
1+ 3s) (14)

with the termss, c, k, andAJ2 de�ned as follows:

s=
3J2R2

�

8r2 (1+ 3cos2i) (15)

c =
p

1+ s (16)

k = nc+
3
p

mJ2R2
�

2kdrk7=2
cos2 i (17)

AJ2 = � 3n2J2
R2

�

kdrk
(18)

R� : Mean equatorial radius of central body
J2 : Measure of central body oblateness
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